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Signal-Transducing G Proteins and Antidepressant 
Drugs: Evidence for Modulation of et Subunit 
Gene Expression in Rat Brain 

Klaus-Peter Lesch and Husseini K. Manji 

Signal-transducing G proteins, heterotrimers formed of a, [3, and y subunits, are central 
to the coordination of receptor-eHector communication. They are derived from a large gene 
family, and recent cloning and sequencing of cDNAs encoding the a subunits, which confer 
receptor and effector specificity on the heterotrimer, have defined four major classes, G~, 
Gj, Gq, and Gs2, with at least 16 isotypes. The G proteins that coordinate receptor--effector 
activity are especially important in the central nervous system (CNS), where they serve 
widespread, critical roles in the regulation of neuronal function, maintain the functional 
balance between neurotransminer systems, and, as such, represent attractive potential tar- 
gets for antidepressant drugs. We describe an integrated series of animal and cell culture 
studies aimed at testing the hypothesis that alterations in G protein function may contribute 
the complex neuroadaptive mechanisms involved in the clinical actions of antidepressants, 
and demonstrate that long-term administration of a wide spectrum of antidepressant drugs 
regulate Ga,, Ga~, Gaa, Gao, Gaq, and Ga~2 mRNA and protein expression in various 
areas of the rat brain. Additionally, we present the polymerase chain reaction.(PCR) me- 
diated cross-species partial eDNA cloning and sequencing of rat and human Gao and rat 
Gaz2, illustrate the regional distribution of Ga mRNA and protein in rat brain, and provide 
evidence that different classes of antidepressants alter expression and~or stability of the 
recently identified Gan2 mRNA. We conclude that long-term t~eatment with antidepressant 
drugs exerts differential effects on Ga mRNA and protein expression in rat brain, thus mod- 
ifying signal transduction as an integral part of complex neuroadaptive mechanisms that 
may underlie their therapeutic efficacy. The development of novel drugs with G proteins as 
primary targets remains an attractive prospect for the future. 

Psychopharmacologic research has traditionally focused on the ef,~ects of antidepressant 
drugs on individual neurotransmitters, and a variety of acute biochemical effects have 
been observed. Paralleling the recognition of the typically weeks-long latency to clinical 
response studies of antidepressant treatment actions have moved from a focus on disparate 
acute effects to an interest in possible common chronic, changes. Thus, in recent years, 
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research has focused upon the effects of chronic administration of antidepressants (ADs) 
on various aspects of neuronal function, with a wealth of studies demonstrating alterations 
in the density and/or sensitivity of several neurotransmitter receptor systems. Although 
there is considerable conflicting evidence regarding the effects on n oradrenergic, sero- 
tonergic, dopaminergic, muscarinic, GABAergic, and opioide~ic receptor systems (likely 
due to differences in route of application, duration of treatment, functional paradigm, 
receptor subtypes, and pre- vs postsynaptic localization) (Sugrue 1983), chronic admin- 
istration of a variety of antidepressants [including tricyclics (TCAs), monoamine oxidase 
inhibitors (MAOIs), and "atypical ADs"] appear to downregulate or desensitize the [3- 
adrenergic and serotonin2 (5-HT2) receptors in rat forebrain (Sulser 1984) and enhance 
the synaptic efficacy of serotonergic neurotransmission via the 5-HTm receptor in rat 
hippocampus (Blier et al 1990; Chaput et al 1991). Even these effects, however, do not 
fully explain the clinical efficacy of all antidepressants, and the dissociation between 
receptor number and their functional responsiveness has led to the investigation of possible 
postreceptor sites of actions of these drugs. Neurotransmitter function may be altered 
indirectly through the regulation of intracellular signaling, and antidepressant ~gents may 
be effective not because they are "noradrenergic" or "serotonergic" agents per se, but 
because they modulate converging postsynaptic signals generated in response to multiple 
endogenous neurotransmitters, including nocepinephrine (NE) and 5-HT. In this context, 
the signal-transducing 13 proteins, which play a major role in the amplification and 
integration of signals in the central nervous system (CNS), are in a unique position to 
affect the functional balance between neurotransmitter systems, and, as such, represent 
attractive potential targets for antidepressant drug effects. 

t3 proteins are heterotrimeric (~, 13, and V subunits) guanine nucleotide- ((3TP) binding 
proteins that serve as "molecular switches" for receptor-generated signal transduction and 
convey information from cell surface receptors to various effectors, including adenylyl 
cyclase, phospholipase c, ion channels, and cyclic (iMP phosphodiesterase (Birnbaumer 
1990; Houslay and Milligan 1990); Taylor 1990; Moss and Vaughan 199 l). The ot subunit, 
which is generally thought to confer receptor and effector specificity on the t3 protein, 
contains the (3TP-binding (and hydrolysing) site, whereas the 13 and ,v subunits appear, 
at least to some degree, to be interchangeable. The 13 proteins that coordinate receptor- 
effector activity are derived from a large gene family, and recent cloning and sequencing 
of cDNAs encoding the ot subunits have defined four major classes, (3+, (31, (3q, and (312, 
with at least 16 isotypes (Simon et al 1991). The (3 protein cycle, at the center of receptor- 
effector communication, represents the unique compromise of a carefully timed molecular 
switch, allowing the cell to respond both rapidly and to low-stimulus concentration 
(Gilman 1989). Although (3 proteins are present in all eukaryotic cells and control various 
metabolic, humeral, and developmental functions, they are especially important in the 
CNS, where they serve the critical roles of first amplifying and "weighting" extracellularly 
generated neuronal signals and then transmitting these integrated signals to effectors, 
thereby forming the basis for a complex information processing network (Ross 1989; 
Mauji 1992). Thus, given their widespread, critical roles in the regulation of neuronal 
function, it is not surprising that recent research has begun to focus upon the elucidation 
of the role of G proteins in the etiology and pathophysiology of various psychiatric 
disorders and their treatments (Avissar et al 1988, Avissar and Schreiber 1989, 1992; 
Lesch and Lerer 1991; Manji 1992; a,ad references therein). 

In the present report, we describe an integrated series of animal and cell culture studies 
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aimed at testing the hypothesis that alterations in G protein function contribute to the 
complex neuroadaptive mechanisms involved in the clinical actions of ADs: 

1. There is increasing evidence from both animal models of depression and clinical 
trials that the 5-HT~ receptor participates in the mechanisms of action of ADs 
(Murphy et al 1991 ). However, the effects of chronic administration of cenventional 
ADs on 5-HT~A function is less clear; the behavioral, functional and biochemical 
evidence suggests an attenuation of 5-HT~,~ function in rodents and humans (Gra- 
hame-Smith 1988; Wozniak et al 1988; Lesch 1991; Lesch et al 1991c), whereas 
electrophysiological evidence suggests an enhancement of 5-HT~A function in hip- 
pocampus in the animal model (Chaput el al 1991), both of which occur in the 
absence of consistent alterations in 5-HTjs receptor binding parameters (Hensler 
et al 1991). Because the 5-HT~,~ receptor is directly coupled to K + and Ca 2+ 
channels (likely via Gl and Go), and to inhibition of adenylyl cyclase (via G~), one 
mechanism to explain these seemingly disparate findings would be differential 
effects of ADs on Ga and Go. We have therefore examined the effects of chronic 
(3-week) administration of different classes of ADs (selective and nonselective 
TCAs, MAOI) on G protein steady-state concentrations and function using enzyme- 
linked immunosorbent assay (ELISA), immunoblotting, and toxin-catalyzed ADP- 
ribosylation techniques, in various areas of the rat brain. 

2. In view of the delayed and persistent therapeutic effects of ADs, we hypothesized 
that these drugs may also exert effects at the level of neuronal gene expression. 
Thus, we have used quantitative Northern blot analysis and RNase protection assay 
techniques to investigate AD-induced alterations in Gao, Gotil_3, Goto, Gotq, and 
Got12 mRNA expression in rat brain during long-term administration of the selective 
5-HT reuptake inhibitor, fluoxetine, in comparison to TCAs (imipramine, desipra- 
r~ine, clomipramine) and the MAO-A inhibitor clorgyline. 

3. In addition, we describe the polymerase chain reaction-(PCR) mediated cross- 
species partial cDNA cloning and sequencing of rat and human Go~q and rat Gotn, 
as well as the regional distribution of their messages in comparison to oL subunits 
of the Go and G~ class in rat brain. 

4. Finally, to elucidate the role of presynaptic neuronal input on AD-induced alter- 
ations in ~-adrenergic receptors and second messenger generation, we have utilized 
cultured rat C6 glioma cells. We report the effects of chronic in vitro administration 
of two structurally dissimilar antidepressants, desipramine and idazoxan (an ot2- 
adrenergic antagonist) on dynamic ~-receptor binding parameters, Ga protein im- 
munoblotting, toxin-catalyzed ADP-ribosylation, as well as receptor- and postre- 
ceptor-stimulated adenylyl cyclase activities. 

Though almost exclusively unpublished data are presented in this article, some relevant 
previously communicated data are also reviewed, in order to demonstrate the comple- 
mentarity of the results using different methodologies, and to highlight our rationale for 
examining the effects of ADs on G proteins at the level of neuronal gene expression. 

Methods 

Animal Studies 

Chronic Antidepressant Treatment. Male Wistar rats (initial weight approximately 250 
g) were housed in a temperature-controlled (24 _+ I°C) room with a 12-hr light-dark 
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cycle (light on at 7:00 AM). All animals had free access to food and water. Imipramine 
(IMl; 5 mg/kg/day), clomipramine (CMI; 5 mg/kg/day), desipramine (DMI; 5 mg/kg/day), 
fluoxetine (FLX; 2.5 mg/kg/day, clorgyline (CLG; 1 mg/kg/day), or saline was subcu- 
taneously administered continuously by means of osmotic minipumps for 21 days; the 
pumps were reimplanted at 2 wks. The selection of doses of ADs was based on previous 
work from our laboratory (Aulakh et al 1988; Wozniak et al 1988) and on the clinical 
dosage of these ADs. Each osmotic minipump was 2.5 cm long with a mean pumping 
rate of 0.49 Ix/h and a mean fill volume of 193 ttl. The volume injected was 0.1 ml/100 
g of body weight. 

Membrane Preparation and Immunoblotting. After rapid removal, brains were dis- 
sected on an ice-cold glass plate as follows. Frontal cortex: the frontal cortical poles, 
dorsal to and excluding the olfactory tubercle and anterior to the corpus callosum. Hy- 
pothalamus: a wedge with 45-degree angle toward the midline, circumscribed by the 
circle of Willis with the anterior commissure as a horizontal reference and the line between 
the osterior hypothalamus and the mammillary bodies as the caudal limit. Hippocampus: 
the medial pole excluding the entorhinal cortex with the lateral ventricle as rostral limits 
and the alveus as dorso-lateral limits. Neostriatum: caudate and putamen with the external 
walls of the lateral ventricles as internal limits and the corpus callosum as external limits. 
Raphe nuclei: midline sagittal section 2 mm in width, caudal to the inferior coiliculus 
(including ~edian and dorsal raphe). Locus coeruleus: the dorsal one-third of a coronal 
section 1 mm in width, caudal to the inferior colliculus. Cerebellum: left hemisphere. 

Tissue samples were homogenized in 50 mM Tris-HC! (pH 7.4) containing 2 mM 
dithiothreitol and lmM EDTA and centrifuged at 1000 g for 10 rain. The resulting 
supernatant was then centrifuged at 40,000 g for 20 rain at 4°C, and membrane protein 
extracted for I hr at 4°C in 20 mM Tris-HC! (pH 8.0) containing 25 mM NaCI, 1 mM 
EDTA, and 1.0% sodium cholate. The extract was centrifuged at 20,000 g for 1 hr at 
4°C and the supernatant utilized for incubation with antibody. Antibodies were airec:ed 
against synthetic decapeptides corresponding to the carboxy termini of the respective 
GOLs, Gc~it/2, Q¢~o, and Gctq subunit (Figure 1) (Spiegel et ai 1990). The specificity of the 
GCXs, GCXitl2 and Geto antibodies was assessed in native membrane extracts from cortex 
and hippocampus by immunoblotting (Western blotting). The homogenates from rat 
frontal cortex and hippocampus were subjected to SDS-PAGE on 10% polyacrylamide 
gels. Proteins resolved by SDS-PAGE were then electrophoretically transferred to nitro- 
cellulose membranes for 2 hr. Nonspecific binding on the nitrocellulose was blocked with 
detergent containing 50 mM Tris-HC! (pH 8.0), 2 mM CaCI2, 80 mM NaCI, 5% nonfat 
dr,,, milk, 0.2% NP-40, and 0.02% NAN3. Blots were then incubated at room temperature 
overnight with polyclonal anti-Ga antibodies (anti-Gas, anti-Gait,2, anti-Goto, anti-Gotq; 
antibody characteristics are summarized in Figure 1). After three washes, the nitrocellulose 
membranes were incubated with [nSl]protein A for 1 hr. The blots were then washed, 
dried, and exposed to x-ray film with intensifying screens at -70°C. Quantitation of 
immunoblots was performed by densitometric scanning of the autoradiograms using a 
laser scanner and an image analysis system. A standard amount of rat brain (cortex or 
hippocampus, 30 ng) was added to one lane of each gel, and the Got immunoreactivity 
in each lane was calculated relative to this standard. 

Enzyme-Linked lmmunosorbent Assay (ELISA). Quantitation of Gas, Ga~/2, and Gao 
was performed using competitive ELISAs as previously described (Lesch et al 1991a,b). 
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Figure 1. Diagram of the Got subunit characteristics used for detection by cholera toxin- and 
pertussis toxin-catalyzed ADP-ribosylation and antibodies directed against the C terminus. CTX, 
site of ADP-ribosylation by cholera toxin. PTX, site of ADP-ribosylation by pertussis toxin. Hatched 
box, amino acid sequence (single letter code) of the Got C terminus. 

Hinety-six well polystyrene microtiter plates were coated overnight at 4°C with 100 ml 
of synthetic peptide solution per well (0.01-0.03 mg/ml in 0.2 M sodium carbonate 
buffer, pH 9.6). Antibody binding to coated wells in relation to peptide coating concen- 
tration and antibody dilution was optimized by checkerboard titration. In studies to validate 
the specificity of the antibodies, immunoblot analyses indicated that the Got, antibody 
was specific for the corresponding Gots subunit, the Goti antibody equivalently recognized 
the 41 and 40 kDa forms (Gait and Ga~2, respectively), while the Goto antibody exhibited 
substantial cross-reactivity with Got~3 (Figure 1). 

For Oa subunit quantitation, membrane extracts C" 10 p,g membrane protein) or stan- 
dards were applied to peptide-coated wells in triplicate with a 1:2,000-1"8,000 dilution 
of antibodies in an incubation mixture having the final composition 0.2% sedium cholate, 
1.0% Tween-20, 20 mM Tris-HCl (pH 8.0), 25 mM NaCI, and 1 mM EDTA and 
incubated at 4°C overnight. Following washing, peroxidase-coupled goat anti-rabbit lgG 
antibodies (1:4,000) were added. After 2 hr, substrate solution (ABTS/H~O2) was added 
and color development detected at 415 nm. 

Multivariate analysis of variance (the MANOVA statistic reported here is Wilks' 
Lambda) comparing the treatments, including a contrast of each drug against control, 
simultaneously across all brain regions was performed for each of the Got subunits. In 
addition, for each brain region, treatments were compared using Fisher's P-LSD following 
a significant one-way ANOVA. 

Toxin-Catalyzed ADP-Ribosylation of G Proteins. G protein ot subunit ADP-ribosy- 
lation sites are indicated in Figure 1. For cholera or pertussis toxin-catalyzed 32p-labeling, 
membranes were prepared as described above and then resuspended in potassium phos- 
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phate buffer (pH 7.5). Membranes were incubated at 37°C for 60 min in a final volume 
of 200 ~1, containing 100 mM potassium phosphate, 10 mM thymidine, 10 mM arginine, 
0.5 mM ATP, 50 mM GTP, 10 mM [et-32p]NAD (25 Ci/mmol), with and without activated 
toxin. Prior to incubation, both cholera toxin (10 ixg/tube) and pertussis toxin (51xg/tube) 
were activated with 10 mM dithiothreitol for 30 min at 37°C. Labeled membranes were 
washed in ice-cold buffer, solubiiized, and subjected to SDS-PAGE on 10% polyacryl- 
amide gels. After electrophoresis, gels were dried and exposed to x-ray film with an 
intensifying screen at -70°C. Labeled protein bands were identified by comparison with 
standards of known molecular weights. Quantitation of 32p incorporation was accom- 
plished by densitometric scanning of the autoradiograms. 

Northern Blot Analysis. After rapid removal, brain regions [frontal cortex, hypothal- 
amus, hippocampus, neostriatum, midbrain (midline sagittal section 2 mm in width 
including the dorsal and median raphe)] and cerebellum (left hemisphere) were dissected 
on ice and total RNA was extracted using methods previously described (Chomczynski 
and Sacchi 1987). Briefly, tissue samples were homogenized in 4 M guanidine thiocyanate, 
25 mM sodium citrate (pH 7.5), 0.5% sarcosyl, 0.1 M [~-mercaptoethanol. After acidified 
phenol-chloroform extraction and isopropanol precipitation, the RNA was washed in 75% 
ethanol, quantitated by photometry at 260 nm and by densitometry of photographic 
negatives of 1% agarose gels containing 2 p,g/ml ethidium bromide (Hough and Chuang 
1990), and stored at -80°C. 

Total RNA (5-10 izg/lane) was fractionated on 1.0% agarose/2.2 M formaldehyde 
gels and transferred to nitrocellulose membranes by capillary blotting, antisens¢ [S2PlcRNA 
was produced by in vitro transcription of linearized subclones derived from rat Got full- 
length eDNA or from PCR-generated eDNA fragments in the pGEM-3/4z~ vector using 
SP6 or T7 RNA polymerase. The cRNA probes used in this study were directed to a 
domain corresponding to nucleotides --260-480 of the coding region that exhibits max- 
imal sequence diversity among the et subunit and transcribe from eDNA templates with 
the following characteristics: Got,, Sty l-Pst I fragment (nucleotide 449-800 of the coding 
sequence) Got~l, Eco47 Ill-Sins I (19-430), Gota, BstX l-BamH 1 (175-635), Got~s, Nco 
I-BamH l (260-632) Geto, Nco l-Pst I (37-366), Gotq, Nde l-[Xba l] (381-705), and 
Gctla, Xho l-[Xba I] (327-629). Figure 2 depicts the templates constructed for in vitro 
transcription of antisense [~:P]cRNA probes. 

Hybridization was carried out in 50% formamide, 5 x SSPE, 5 × Dcnhardt's solution, 
1% SDS, 10% dextrane sulfate, 100 p,g/ml salmon sperm DNA, at 55*{2 for 18 hr. Blots 
were washed to a final stringency of 0.1 x SSC, 0.1% SDS at 72*(2. Membranes were 
exposed to Kodak XAR-5 film with intensifying screens at -80*{2. Northern blots were 
subsequently reprobed with a --250 bp murine [~-actin antisense [a2PlcRNA probe. In- 
tegrated optical densities of autoradiograms were collected via computerized video den- 
sitometry and normalized to [3-actin mRNA or 28S/18S rRNA. Sense [a'P]cRNA dilutions 
were utilized to assure that film exposures were within the linear range for quantitation. 

Analysis of variance with a repeated-measures design of integrated optical densities 
(e~p."e.~sed as perco,,t of enn~ol for each drug treatment-Got mRNA combination using 
drug treatment as the between factor, brain region and Got mRNA as the within factors) 
revealed a significant three-way interaction. Subsequent analyses were made separately 
for each drug treatment using both one-way analysis of variance and repeated measures 
procedures to determine drug-dependent differences in Get mRNA within each brain 
region. 
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Figure 2. Diagram of the templates used for in vitro transcription of antisense [32p]cRNA probes. 
Black boxes" and hatched area indicates domains with highest levels of sequence diversity. White 
boxes are highly conserved domains. ~, endonuclease restriction sites for subcloning of Got 
fragments and template linearization. T7 and SP6, promotor for T? and SP6 RNA polymerase. 
PCR, polymerase chain reaction. 

RNase Protection Assay. To verify significant fluoxetine-induced changes in Ga gene 
expression mRNA was also quantitated by RNase protection assay techniques. Hybrid- 
ization of total RNA (2-5 I~g) and antisense Got [32p]cRNA was carried out in a final 
volume of 20 I~l consisting of 80% formamide, 40 mM PIPES (pH 6.4), 400 mM NaOAc 
(pH 6.4), and 1 mM EDTA, at 45°C for 12-16 hr. RNA hybrids were digested with 10 
mU RNase A/2 U RNase TI in 200 ~1 10 mM Tris-HCl (pH 7.5) containing 15 mM 
NaCl for 30 min at 37°(2. RNase digestion was terminated with 50 I~! of 4 M guanidine 
thiocyanate, 25 mM sodium citrate (pH 7.5), 0.5% sarcosyl, and 0.1 M i3-mercaptoethanol 
and protected RNA/RNA hybrids precipitated with 250 I~1 isopropanol. After washing 
with 70% ethanol the pellet was redesolved and protected fragments were visualized on 
a 6% polyacrylamide denaturing gel; radioactivity was measured using a i3-scintillation 
c o u n t e r .  
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PCR-Mediated Partial cDNA Cloning atut Sequencing of Rat and Human Gotq and 
Gam2. Templates for GCCq and Gcq2 cRNA were generated by PCR-mediated cross-species 
partial cDNA cloning. Poly (A) + RNA from rat or human cortex was prepared using 
guanidine thiocyanate-phenol-chloroform extraction followed by oligo (dT)-cellulose 
chromatography, sscDNA was synthesized from 10 Ixg poly (A) + RNA with 10 U of 
M-MLV reverse transcriptase and 25 Ixg/ml random hexamer primers at 37°C for 60 
min. Oligonucleotide adapter primers used to generate Gaq (sense Xba I 23met: 5'- 
AGATCATCGCGAATCGCTTATAC-3'; antisense EcoR I 22-mer: 5'-GTATCAGAA- 
CATCTTCACGGCC-3 ') and Gcq2 fragments ( sense Xba 122mer: 5'-CTTTCCGGTGGTT- 
CCCTrAGCA-3'; antisense EcoR 1 22-mer: 5'-TGGTCAAGATCCTGCTGCTGGG-3') 
flanking the region with maximal sequence diversity were derived from published murine 
sequences and corresponded to highly conserved domains (Strathmann and Simon 1990; 
Strathmann and Simon 1991). PCR amplification was carried out in a final volume of 
100 Ixl consisting of 1-5 Ixl sscDNA, 2.5 mM deoxyribonucleotides, 0.25 p~g sense and 
antisense adapter primers, 10 mM Tris-HC! (pH 8.3), 50 mM KCI, 1.$ mM MgCi2, and 
2.5 U Taq DNA polymerase. Reaction conditions were determined empirically for each 
set of primers: annealing was carried out at 61°C (Gctq) and 65°C (Gcq2) for 1 rain, 
extension at 72°(:: for 2 rain, and denaturation at 96°C for 1 rain for ~0 cycles. After 
analysis L.y agarose gel electrophoresis and purification, the PCR products were cloned 
by cleaving with EcoR I/Xba I and ligating the resultant fragments into the EcoR llYiba 
I site of pGEM-3Z by standard methods. The DHlct Escherichia coli strain was trans- 
formed and the presence of the cloned fragments was confirmed by analyzing the products 
of the plasmid miniprep procedure. I'o verify that the cloned Gctq and G,~t12 fragments 
were the expected PCR products (that is, displaying a high degree of homology with the 
routine sequences), sequence analysis of both strands was conducted at least three times 
using ~.,e dideoxynucleotide chain termination method with modified I'7 polymerase and 
pUC/M 13 forward/reverse primers. 

Cell Culture Studies 

Cell Culture and intracellular Cyclw AMP Accumulation. Cultured rat C6 glioma cells 
(ATCC, Rockville, MD) were grown in Dulbecco's modified Eagle's medium (DMEM), 
supplemented with 5% fetal calf serum in a humidified atmosphere of 95% air, 5% CO2 at 
37°C. Confluent cultures were routinely subcultured at ratios of 1:10 to 1:20 and cells were 
exposed to vehicle, DMI (1 IxM), or idazoxan (IDZ, I IxM) for either I day (acute) or 5 days 
(chronic). Intracellular cyclic AMP (cAMP) accumulation was determined by incubating 
cells in 24-well trays in DMEM buffered with 20 mM HEPES (pH 7.4) containing 30 p~M 
rolipram (a nonmethyixanthine phosphodiesterase inhibitor) at 37°(:: for 10 rain. The cells 
were then incubated for an additional 15 rain with varying concentrations of isoproterenol, 
cholera toxin, or forskolin. Incubations were stopped by the removal of buffer and the ad- 
dition of 1.0 ml 0.1 N HCI. After 30 min, the HCI was neutralized and cAMP concentra- 
tions were determined using a cAMP protein binding kit. 

Dynamic [3-Adrenergic Receptor Binding Parameters. C6 cell membranes were pre- 
pared for receptor binding assay by polytron homogenization and low- and high-speed 
centrifugation. [3-Adrenergic receptor binding assays were performed using [~25I]iodocy- 
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anopindolol (ICYP) as the radioligaad. Binding assays were carded om at 37°C for 90 
rain in a reaction mixture containing 50 mM Tris-HCl, 2.5 mM MgCi2, and I mM EDTA. 
Binding assays also included 1 ~tM serotonin HCI to block the possible binding of ICYP 
to 5-HT~ receptors. Saturation experiments were performed to determine the density of 
D-receptors and the affinity of ICYP for these receptors. Binding of 5-100 pM ICYP 
was measured in the absence and presence of 100 IxM isoproterenol to define specific 
binding, which represented 90% of the total binding. The two affinity states of the receptor 
can be analyzed by steady-state competition experiments with a fixed concentration of 
labeled antagonist and increasing concentrations of unlabeled agonist. Thus, the ability 
of 18 concentrations of isoproterenol ( 10 -~°- 10 "4) to inhibit ICYP (25 pM) was determined. 
The reaction was terminated by the addition of 5 ml ice-cold 50 mM Tris-HC! (pH 7.4) 
containing 10 mM MgCI2, and 100 mM NaCI (wash buffer) to the incubation mixture. 
This was followed by immediate filtration through Whatman GFIB filters, which were 
washed twice. Radioactivity on the filters was counted with a gamma counter at an 
efficiency level of 73%. Each experiment was performed three times and mean values 
are presented. Radioligand binding parameters were determined using the program LI- 
GAND. The p a r a m e ~  measured were equilibrium dissociation constant for ICYP (K a), 
maximal density of receptors (Bm~), equilibrium dissociation constants for receptor in 
the low (K,) and high (KH) affinity states, and the percent of receptors in the high-affinity 
conformation (%Ru). Analysis of saturation curves for ICYP indicated that one-site 
binding model provided a better description of the model than a two-site model. Com- 
petition curves for (-)isoproterenol and ICYP were resolved into a two-site model with 
significant improvement (p < 0.01) over a one-site model. A three-site binding model 
did not improve the fit over the two-site model. Individual binding curves from competition 
experiments were subjected to nonlinear regression analysis in order to estimate high- 
and low-affinity components of agonist binding. Data were analyzed using one-way 
analysis of variance (ANOVA) and two-tailed Student's t-test for independent samples. 
In order to confirm the absence of a2-adrenergic receptors or "imidazoline receptors" 
(Michell et al 1989) on C6 glioma cells, saturation binding experiments were performed 
using [3H]idazoxan. C6 cell membranes were prepared as described above for [~-receptor 
binding assays. Binding assays were carried out at 25°C for 30 rain, in a reaction mixture 
containing 50 mM Tris-HCl, 0.5 mM EDTA (pH 7.4). Binding of increasing concen- 
trations of [3H]idazoxan was measured in the absence and presence of I00 IxM tolazoline 
to define specific binding. The reaction was terminated by the addition of 5 ml ice-cold 
wash buffer. This was followed by immediate filtration through Whatman GF/B filters, 
which were washed twice and radioactivity determined by liquid scintillation spectros- 
copy. 

Toxin-Catalyzed ADP-Ribosylation of G Proteins. Toxin-catalyzed [32P]ADP-ribo- 
sylation was performed on control and AD-treated C6 glioma membranes largely as 
described above for rat brain membranes. (Got ADP-ribosylation sites are depicted in 
Figure 1.) In briel, membranes were incubated with activated toxins and [a-32p]NAD, 
washed in ice-cold buffer, solubilized, and subjected to SDS-PAGE. Following electro- 
phoresis, gels were dried and exposed to x-ray film with an intensifying screen at - 70°C. 
Estimation of the molecular weights of labeled protein bands was made by comparison 
with standards of known molecular weights. Quantitation of 32p incorporation was ac- 
complished by densitometric scanning of the autoradiograms. 
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lmmunoblot Analysis of G Proteins. Immunolabeling of Gas, and Got~/2 in rat C6 
gliorna cell membrane was performed largely as described above for rat brain. In brief, 
C6 1 ~embrane samples dissolved in Laemmli buffer were subjected to SDS-PAGE using 
10% polyacryiamide gels. The electrophoretically resolved proteins were transferred to 
nitrocellulose membranes, which were incubated with specific antibodies to Gas and 
Ga~l/2. Subsequent labeling was accomplished with [~2Sl] protein A, and the dry blots 
were then exposed to x-ray films with intensifying screens at -70°C. Quantitation of 
the immunoblots was performed by densitometric scanning of the autoradiograms. 

Results 

Animal Studies 

Regional Distribution of Ga Protein in Rat Brain. Figure 3B summarizes the steady- 
state concentrations of Ga~, Ga~l/2, and Gao subunits in various rat brain regions. The 
me.an Ga,, Ga~,/2, and Gao subunit concentrations were 8.1 ± 0.2 pmol/mg protein 
(range, 4.0-14.1), 27.0 _ 0.8 pmol/mg protein (22.1-36.4), and 56.7 _ 4.5 pmol/mg 
protein (41.9-83.2), respectively. Calculated from these data the average ratio of Gas, 
GoL~/~, and Gao subunits in rat brain was approximately 1:3:7. 

Effects of Antidepressant Drugs on G Protein a Subunits (ELISA technique). Changes 
in concentrations of Gc~s, Gaw2, and Gao subunits during chronic (3-wk) AD treatment 
are presented in Figure 4. The significant overall treatment difference across all brain 
regions observed in the Ga,~ subunit (F[24,57.05] = 1.78, p < 0.05) resulted because 
each of the drugs decreased Ga~ compared with control (mean _ SEM = 8.2 _ 0.6 
pmol/mg protein); IMI (6.4 _+ 0.5, F[6,16] -- 4.35, p < 0.01), CMI (6.6 _+ 0.8, F = 
3.42, p < 0.05), DMI (7.5 _+ 1.1, F = 5.01, p < 0.01), CLG (6.9 +_ 0.6, F - 2.87, 
p < 0.05). When brain regions were examined individually, AD-induced reduction roached 
significance in the neostriatum (33%-42%) and locus cocruleus (28%-38%) for all drugs, 
and in the hippocampus only for IMI (22%). 

Comparison of the cumulative effect of all drugs (IMI, 27.1 ± 0.9 pmol/mg protein, 
F[6,14] - 4.64, p < 0.01; CMI, 30.2 ± 1.0, F = 0.92, ns; DMI, 27.6 ± 1.3, F = 
2.45, p < 0.1, CLG, 26.0 _+ 1.1, F = 3.67, p < 0.05) compared to control (29.8 ± 
1.3) across regions revealed a decrease in Gaa12 (F[24,50.05] = 2.33, p < 0.01). This 
de:rease was significant for IMI in the hypothalamus (23%) and hippocampus (32%), 
for DMI in the frontal cortex (27%), and for CLG in the hypothalamus (21%) and 
neostriatum (19%). 

Figure 3 A: Northern blot analysis of seven Ga isotyp¢ mRNAs in rat brain. RNA quantity and 
quality was assessed by staining of ribosomal RNA (28S/18S) with ethidium bromide and hybrid- 
ization with antisense 13-actin cRNA. Antisense [32P]cRNA of Ga, detected two bands comigrating 
at 1.9 and 2.0 kb. Ga~ and Gct~ cRNA hybridized to single bands at 3.6 and 2.1 kb, respectively. 
Analysis of mRNA coding for a subunits of Go, revealed three bands at 3.4, 4.4, and 6.0 kb, 
resulting from alternative splicing of a single gene. The Gaq probe also detected multiple messages 
due to alternate splicing, two large transcripts at 6.5/7.5 kb and a weaker signal at 4.0 kb, while 
Ga~2 cRNA hybridized to a single band at 3.6 kb. B: Distribution of Gas, Ga~rz, and Gao in rat 
brain. FC= frontal cortex; HT= hypothalamus; HC = hippocampus; NS = neostriatum; bib = 
rnidbrain; RN = raphe nuclei; LC = locus coemleus; CB = cerebellum. 
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Figure 4, Effects of chronic treatment with imipramine (IMI), clomipramine (CMI), desipramine 
(DMI), or clorgyline (CLG) on Gas, Ga,,2, and Gao in the frontal cortex (FC), hypothalamus 
(HT), hippocampus (HC), neostriatum (NS), raphe nuclei (RN), and locus coeruleus (LC) of rats 
using sensitive enzyme-linked immunosorbent competition assays (mean .4- SEM). Asterisk, p < 
0.05, IMI (n = 6), CMI (n -- 4), DMI (n = 4), or CLG (n = 6) vs controls (n = 6), ANOVA 
followed by Fisher's PLSD (two-tailed). 
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Figure 5. Representative auto- 
radiograms of immunolabeling of 
Gets, G~l~:,, Gao and Gaq in rat 
hippocampus, as well [32P]ADP- 
ribosylated rat hippocampal 
membranes following chronic 
treatment with various antide- 
pressants. For immunolabeling, 
membranes were subjected to 
SDS-PAGE and electrophon~tic 
transfer as described in the meth- 
ods section. Immunodetection was 
performed by polyclonal anti-Ga 
antibodies, and n251.1abeled sec- 
ondary antibody. For [32P]ADP- 
ribosylation studies, membranes 
were incubated in the presence of 
preactivated toxins, ~.nd sub. 
jected to SDS-PAGE. Quantita- 
tion of 32p incorporation was ac- 
complished by densitometric 
scanning of the autoradiograms. 
CT = cholera toxin; MW = mo- 
lecular weight standards; DM1 = 
desipramine; CMI - clomipra- 
mine; IMi = imipramine; CON 
= control; CLG = clorgyline; 
S = pooled brain tissue. 

Though CLG (56.7 _ 4.0, F = 0.38, ns) had no effect, Gao was significantly increased 
during treatment with IMI (73.6 - 4.1 pmol/mg protein, F[6,13] = 4.85, p < 0.01; 
CMI, 79.1 +_ 3.7, F = 6.17, p < 0.1), and DMI (68.1 -+ 5.0, F = 4.14, p < 0.05) 
compared with controls (53.0 -+ 0.4). This resulted in a significant overall treatment 
difference across all brain regions (F[24,46.56] = 2.43, p < 0.01). When brain regions 
were examined individually, TCA-induced increases reached significance in the frontPl 
cortex for CMI (46%) and DMI (68%), in the hypothalamus for IMI (47%A) and CMI 
(46%), in the hippocampus for IMI (36%) and CMI (45%), in the raphe nuclei for CMI 
(53%), and in the locus coemleus for all TCAs (109%-137%). 

Effects of Antidepressants on G Protein a Subunits (lmmunolabeling and Toxin-Cat- 
alyzed ADP-Ribosylation Techniques). To assess the effects of chronic AD treatment on 
G proteins, we also utilized immunolabeling (using specific antisera against G protein ct 
subunits) and toxin-catalyzed [32p]ADP-ribosylation. The G protein a subunits migrated 
at apparent molecular masses (Ga~,0-41 kDa; Gao 39 kDa; Gas 52 kDa, and 45 kDa; 
Gaq 42 kDa) consistent with those reported in the literature (Spiegel et al 1990). Den- 
sitometric analysis of the autoradiograms largely confirmed the results obtained by the 
ELISA methodology described above (representative autoradiograms are shown in Figure 
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5). In hippocampus, chronic treatment with IMI significantly reduced the immunolabeling 
of the 52 kDa form of Gets (control, 1415 __. 48.4; IMI, 1223 - 84 .10D units; F[1,19] 
-- 7.65, p < 0.05); CMI produced a near-significant reduction (p < 0.07), while CLG 
and DMI were without effects. All the ADs produced a reduction in the immunolabeling 
of Gail/2 (control, 1536 ± 81.7; IMI, 1223 ± 84.1, F = 7.69, p < 0.05; DMI, 1274 
__. 48.4, F = 4.73, p < 0.05), although the reduction produced by CLG (1224 ± 79.4) 
did not reach significance. All the reuptake inhibitors significantly increased the immu- 
nolabeling of Gao in hippocampus (control, 1475 __. 80.3; IMI, 1919 _ 69.5, F = 
16.19, p < 0.001; CMI, 1758 +_. 118.5, F = 5.80, p < 0.05; DMI, 1746 ± 100.5, F 
= 5.31, p < 0.05), while the MAOI did not exhibit significant effects (1580 -4- 50.0). 
All drugs had modest effects on Gotq, with only IMI significantly increasing the immu- 
nolabeling of this protein (1380 -_- 51.0 vs 1626 -_- 59.0, F = 6.77, p < 0.05). 

In the frontal cortex, paralleling the ELISA results, all the reuptake inhibitors decreased 
the immunolabeling of Gao; however, not all effects were statistically significant. In 
contrast to the effects observed in the hippocampus, none of the ADs altered the con- 
centration of (3otit/z, whereas they all reduced the levels of GOtq except for the selective 
NE reuptake inhibitor, DMI (control, 1802 __. 101.60D units; IMI, 1397 __. 113.5, 
F[I,19] = 8.85, p < 0.01; CMI, 1478 ± 108.1, F --- 6.24, p < 0.05; CLG, 1501 ± 
78.7, F = 5.40, p < 0.05). 

Partially consistent with the Western blotting data, IMI and CMI modified toxin- 
catalyzed [32p]ADP-ribosylation in hippocampus. IMI produced small ('--10%) but sig- 
nificant increases in both cholera toxin- and pertussis toxin-catalyzed [3~P]ADP-ribosy- 
lation. In contrast, CMI produced similar decreases in both, whereas DMI and CLG were 
without effect. Representative blots of cholera toxin-catalyzed [32P]ADP-ribosylation of 
hippocampal membranes are shown in Figure 4. 

Regional Expression of Ga mRNA in Rat Brain. To elucidate the pattern of Got gene 
expression in variou~ :at brain regions, we analyzed messages of multiple Got isotypes 
by Northern blot analysis. Antisense [32P]cRNA of Gets detected two brands comigrating 
at 1.9 and 2,0 kb. Ga~ and Ga~2 cRNA hybridized to single bands at 3.6 and 2.1 kb, 
respectively. Analysis of mRNA coding for a subunits of Go, revealed three bands at 
3.4, 4.4, and 6.0 kb, respectively, resulting from alternative splicing of a single gene. 
Although the ot subunits of the G~ class show a high degree of homology, no detectable 
cross-hybridization among Got~, Got~2, Ga~3, and Gao was found under high stringency 
conditions of hybridization. The Gotq probe also detected multiple messages due to al. 
ternate splicing, two large transcripts at 6.5/7.5 kb and a weaker signal at 4.0 kb, while 
Germ2 cRNA hybridized to a single band at 4.0 kb. Autoradiograms of Northern blots 
from rat brain revealing a distinct profile for each Ga subunit are shown in Figure 3A. 
Relatively large amounts of Goq mRNA were observed in hypothalamus (HT), followed 
by frontal cortex (FC), cerebellum (CB), midbrain (MB), and hippocampus (HC), with 
the lowest level in neostriatum (NS). As compared to the other regions the content 
of Gait mRNA was extremely high in cerebellum suggesting the following rank order 
(CB -> FC > HT > HC > NS > MB), while Ga~2 and, with considerably lower 
abundance, Gala appeared to be evenly distributed with peak concentrations in hypo- 
thalamus. Gore (FC = NS = CB > HC > HT -> MB) and Gaq mRNA (CB > HC > 
HT > FC > NS ~> MB) were most abundant in all brain regions except midbrain. The 
splicing variants of Gao and Gaq also appeared to be differentially expressed among brain 
regions. Goq2 message was also widely expressed (I-IT > HB > HC = NS > FC = 
CB). 
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Ga mRNA Expression and Antidepressant Drugs. Each of the drug treatments resulted 
in a distinct overall pattern across brain regions (Figure 6A and B). IMI induced a 
significant increase in concentrations of Gas mRNA in the neostriatum (F[1,10] = 5.4, 
p < 0.05) and midbrain (F = 19.0, p < 0.01), of both Guam (F = 4.9, p < 0.05) and 
Gao mRNA (F = 8.9, p < 0.05) in the midbrain, of GoLq mRNA in the hypothalamus 
(F = 12.7, p < 0.01), and of Ga12 mRNA in the frontal cortex (F = 5.1, p < 0.05) 
and neostriatum (F = 43.3, p < 0.001). DMI resulted in a significant increase in both 
Gas (F[ 1,10] = 7.5, p < 0.05) and Gan  mRNA (F = 10.7, p < 0.01) in the neostriatum, 
in Ga~ (F = 11.5, p < 0.01) and Gao mRNA (F = 4.6, p < 0.05) in the midbrain, 
and in Gaq (F = 5.4 p < 0.05) and Gan  mRNA (F = 42.6, p < 0.001) in the frontal 
cortex. It decreased Ga~2 mRNA in the hypothalamus (F = 4.4, p < 0.05). CMI increased 
Gas (F[I,10] = 15.2, p < 0.01) and Gaq mRNA (F = 6.6, p < 0.05) in the neostriatum, 
but decreased Gal2 in the hippocampus (F = 25.3, p < 0.001). CLG caused a significant 
increase in concentrations of Ga, mRNA in the hippocampus (F - 6.1, p < 0.05), of 
Ga~2 mRNA in the neostriatum (F --- 5.2, p < 0.05), and of Gat2 mRNA in both the 
frontal cortex (F -- 10.0, p < 0,01) and midbrain (F - 10.9, p < 0.01). It resulted in 
significant decreases in Gas mRNA in the frontal cortex (F -- 13.1, p < 0.01), in Gc~o 
in both the frontal cortex (F = 6.6, p < 0.03) and hypothalamus (F = 8.7, p < 0.05), 
and in Gaq in the hippocampus (F = 6.3, p < 0.05). Representative Northern blots are 
shown in Figure 6A and results are summarized in Figure 6B. 

The selective 5-HT reuptake inhibitor FLX evoked a significant increase in Gaq in 
the neostriatum (F = 5.3, p < 0.05) and in Ga12 in the frontal cortex (F = 9.9, p < 
0.01), but a decrease in Gas in the midbrain (F = 18.4, p < 0.01). Representative 
autoradiograms of Gas, Gaq, and Gal2 Northern hybridization analyses and RNase pro- 
tection assays are shown in Figure 7. 

Human and Rat Gaq and Ga12 Partial cDNA Cloning and Sequence. To obtain rat 
cRNA probes for the two novel Gaq and Gan,  we used PCR-based cross-species cloning 
to generate rat cDNA fragments. The PCR primers described in this report were derived 
from published murine sequences and designed to anneal to highly conserved domains 
but flanking a coding region with maximal sequence diversity. The predicted PCR frag- 
ment of Gaq spanned nucleotides 237-705 of the mouse cDNA clone and was 468 bp 
in length. Amplification of rat brain cDNA also yielded a Gan  fragment of the predicted 
size (nucleotides 164-629, 465 bp). The Gaq and Gas2 fragments generated by PCR and 
the cDNA template constructs for the transcription of antisense [32p]cRNA probes are 
depicted in Figure 2 and Figure 8. Both strands of the Gaq and Gain2 cDNA were sequenced 
at least three times to ensure accuracy. The PCR products share 96% and 97% sequence 
homology with the routine Gaq and Gale, respectively. Although most differences be- 
tween rat and routine Gaq and Gan  genes involves conservative codon changes, in rat 
Goq2, a suostitution of a cytosine with a guanine at the position 490 and a thymine with 
a cytosine at position 577 of the routine coding sequence changes proline to alanine and 
phenylalanine to leucine, respectively (Figure 8A). Interestingly, a substitution of a 
adenosine with a guanine at the position 300 deletes a Xho I endonuclease restriction site 
in the rat gene which is reintroduced 24 nucleotides upstream by a conservative substitution 
of a thymine with a cytosine. At the amino acid level rat and routine Gaq and Gcx!2, 
share 100% and 99% sequence homology, respectively. 

Using a similar approach we succeeded in cloning and sequencing a partial cDNA of 
human Gaq. The deduced amino acid sequence and comparative alignment of human, 
rat, mouse, and drosophila forms of Gaq are presented in Figure 8B. The PCR product 
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Figure 6A. Representative autoradiograms of Northern blots of Got mRNAs in various brain areas 
of the rat following chronic antidepressant treatment with imipramine, desipramine, clomipramine, 
and clorgyline. Northern blots were subsequently reprobed with a ---250 bp murine ~-actin antisense 
[3'P]cRNA probe. Integrated optical densities of autoradiograms were collected via computerized 
video densitometry and normalized to ~-actin mRNA. 
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Figure 7. A: Representative autoradiograms of RNase protection assay and Northern hybridization analysis 
of fluoxetine (FLX)-induced changes in Got~, Go%, and Got=2 mRNA expression. RNA quantity and quality 
was assessed by agarose electrophoresis and visualization of ribosomal RNA (28SI18S) by ultraviolet illu- 
mination in the presence of ethidium bromide. B: Summary of the effects of long-term treatment with FLX 
on Got mRNAs (mean ± SEM). Asterisk, p < 0.05; FLX (n = 6) vs controls (n = 6); ANOVA (two- 
tailed). 
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Figure 8A. Nucleotide sequence of rat Ootl2 partial cDNA. Underneath the rat sequence, the corresponding 
murine sequence is represented with substitutions aligned at the appropriate position. Amino acid residues 
for those codons where there were nucleotide differences are indicated above the cDNA sequence for the rat 
and below for the mouse. -, nucleotides conserved among rat and mouse; Xho !, internal endonuclease 
restriction site for template linearization. 

shared 95% and 95% sequence homology with the murine and rat G%, respectively, 
whereas the amino acid sequence was 100% homologous. 

Cell Culture Studies 
Exposure of C6 glioma cells to either DMI (1 p~M) or IDZ (1 ~M) for 5 days was not 
toxic to the cells, as assessed by microscopic examination of cell morphology, protein 
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Figure 8B. Deduced amino acid sequence (single letter code) and comparative alignment of human, 
rat, mouse, and drosophila forms of Gc~q. Amino acid identities are boxed. Hatched areas indicate 
conservative codon changes in the rat and human Gq as compared to the routine form. 

measurements, trypan blue exclusion, or cell density using a coulter counter. Treatment 
of the cells with DMI or IDZ for 5 days (but not I day) resulted in a significant decrease 
in the maximum number of ~-adrenergic receptors (Bin,,) (Table I). The >20% reduction 
in B,,,~ was, for both drugs, accounted for by a significant and marked decrease in the 
high affinity form of the receptor, and a smaller, nonsignificant decrease in the low affinity 
form of the receptor (Table !). Scatchard analysis of radioligand binding data showed 
that neither DMI nor IDZ altered the affinity (Kd) of ICYP for [~-adrenoceptors. Similarly, 
no significant changes were observed in agonist affinity to the low affinity conformation 
of the receptor (KL). Both drugs, however, produced significant reductions (control, 
5.98 -4- 2.4 riM; DMI, 3.02 _ 0.7 riM; IDZ, 2.83 ± 0.06 riM) in the dissociation 
constant for the agonist in the high affinity conformation (KH) (Table 1), accompanied 
by significant increases in the KL/KH ratio for the [3-adrenergic receptor. C6 glioma cells 
showed no specific binding for ['~H]idazoxan (data not shown). 

Both the DMI- and IDZ-treated cells accumulated significantly less cAMP than their 
control counterparts when stimulated with 1 IxM isoproterenol (Figure 9; ANOVA: p < 
0.05). To investigate possible postreceptor components of signal transduction, we ex- 
amined the cAMP accumulation in response to cholera toxin (which stimulates adenylyl 
cyclase through ADP-ribosylation of Gas) and forskolin (which acts directly on adenylyl 
cyclase as well as the GJadenylyl cyclase complex). Neither DMI nor IDZ had any 
significant effects on cholera toxin or forskolin-stimulated cAMP accumulation (Figure 
9). To examine if any lipophilic compound would have the same effects as DMI or IDZ, 
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Figure 9. Efiect,s of five-day desipra- 
mine or idazoxan on receptor- and 
postreceptor-stimulated cyclic AMP 
(cAMPj accumulatioa in C6 glioma 
cells, cAMP accumulation was deter- 
mined by incubating intact cells in 24 
well trays in DMEMtHEPES contain- 
ing 30 IxM rolipram at 37°C for 10 
min. Cells were then incubated for 15 
min with either isoproterenol (1 IxM), 
cholera toxin (10 nM), or forskolin 
(100 p,M). cAMP accumulation was 
determined by a cAMP protein bind- 

ing kit. Values are mean ± SEM of three experiments performed in triplicate. IS0  = isoproterenol; 
CT = cholera toxin; FORS = forskolin; asterisk, p < 0.05. 

C6 cells were also incubated with lmM sulpiride (a lipophilic neuroleptic) for 5 days. 
Sulpiride did not have any significant effects on 13-receptor density or cAMP accumulation 
(data not shown). 

To study the nature of the altered response of adenylyl cyclase, we examined the 
relative contents of Got, and Gai2 by immunoblotting and toxin-catalyzed ADP-ribosy- 
lation (Figure 10). Neither drug affected the immunolabeling of Gets or Got+2, but both 
drugs produced a small but significant decrease in the cholera toxin-catalyzed [32p]ADP- 
ribosylation of the 52 kDa (but not the 45 kDa) form of Get~ (control, 1892 _ 198 OD 
units DMI, 1542 +_. 203; IDZ, 1622 - 247; p < 0.05). Pertussis toxin-catalyzed the 
[32p]ADP-ribosylation of a single 40 kDa band in membranes from C6 glioma cells, 
which was not significantly altered by either treatment (Figure 10). 

Discussion 

One of the most exciting recent advances in neuroscience has been the elucidation of the 
molecular mechanisms underlying neuronal communication, particularly with respect to 
defining the central role of G proteins in the transduction of a vast array of extracellular, 
receptor-detected signals across cell membranes to intraceUular effectors. Indeed, it has 
been estimated that about 80% of all known hormones, neurotransmitters and neuro- 
modulators (numbering around 100) elicit cellular responses through G proteins. Specific 
characteristics of each isotype of the G protein classes allows them to associate with a 
limited number of receptors, and transduce the information to specific effector systems 
and/or ion channels. 

Despite the more modest progress in the elucidation of receptor and effector linkage, 
cloning and sequencing techniques have facilitated the identification of multiple classes 
of G protein ~ subunits designated G .  G+, Gq, and G~2. Each class consists of several 
isotypes which are highly conserved between species but exhibit differential distribution 
in the CNS. There is now compelling evidence that the ~-adrenoceptor-G,-complex 
stimulates adenylyl cyclase (Bimbaumer 1990), G+2 mediates the inhibition of adenylyl 
cyclase by oL2-adrenergic receptors (Kurose et al 1991), both the G+ and G+ class participate 
in the regulation of Ca 2 ÷/K ÷ channels, while the coupling of the muscarinic~_5, 5-HTm_~r, 
5-HT2, and dopamine~_s receptors to distinct G protein isotypes has not yet been fully 
clarified (Liu and Albert 1991; Matesic et al 1991). However, the linkage of Go and Gz, 
isotypes of the G+ class, to definite receptor subtypes and effector systems is currently 
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Figure I0. Representative autoradiograms of immunolabeling of Gas, Ga~112, and SDS-PAGE of 
[32p]ADP-ribosylation rat C6 glioma cell membranes following chronic treatment with antidepres- 
sants. For immunolabeling, tissues were prepared as described in methods section, and subjected 
to SDS-PAGE and electrophoretic transfer. Immunodetection was performed by polyclonal anti- 
Got antibodies, and nSl-labeled secondary antibody. For ribosylation studies, membranes were 
ADP-ribosylated in the presence of preactivated toxins and subjected to SDS-PAGE. Quantitation 
of 32p incorporation was accomplished by densitometric scanning of the autoradiograms. D M I  -" 
desipramine; IDZ -- idazoxan; C O N  "- control; M W  -" molecular weight standards; CT-  cholera 
toxin; P T =  pertussis toxin. 

being elucidated (Moriarty et al 1990; Wong et al 1992). Go has been implicated in the 
regulation of pertussis toxin-sensitive phosphoinositide hydrolysis and more recently it 
has been reported, that distinct splice variants of Go mediate the muscarinic and so- 
matostatin receptor-induced inhibition of Ca 2 + channels (Bertrand et al 1990; Strathmann 
et al 1990; Kleuss et al 1991; Tsukamoto et al 1991). G, has been demonstrated to mediate 
hormonal inhibition of cAMP accumulation when transfected into cells (Wong et al 1992). 
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Although there is growing evidence that the isozyme 151 of phospholipase C is stimulated 
via toxin-insensitive Gq isotypes (Smrcka et al 1991; Taylor et al 1991), the receptor- 
effector association of GI2 isotypes remains unknown. 

Because a single receptor subtype can couple to multiple G proteins, and multiple G 
proteins can converge to activate or inactivate a single effector (Ross 1989; Taylor 1990; 
Manji 1992), the G protein-dependent interactions form complex networks. The high 
degree of complexity generated by the interactions of G protein-coupled receptors may 
be one mechanism by which neurons acquire the flexibility for generating the wide range 
of responses observed in the CNS. This has led to the proposal that G proteins may be 
involved in pathways regulating such diverse vegetative functions as mood, appetite, and 
wakefulness (North 1989), and, by extrapolation, in the molecular mechanisms of action 
of ADs (Lesch et al 1991a). 

In the present series of studies, we have used immunoblotting as well as ELISA 
techniques with antibodies against Got+, Ga~, Gao, and Gotq, and toxin-catalyzed ADP- 
ribosylation, to demonstrate alterations of Got subunit steady-state concentrations during 
chronic treatment with various monoamine reuptake blockers and a MAO-A inhibitor. 
In view of the differing pharmacologic prufiles of these drugs (and their metabolites) with 
respect to receptor binding, monoamine reuptake inhibition, and enzymatic inhibition, in 
conjunction with the fact that monoamine neurotransmitter systems interact extensively 
in vivo, it is not surprising that the various ADs exerted distinct patterns of effects. 
Nevertheless, several interesting, novel common effects have emerged from our studies. 
All ADs tended to decrease the immunolabeling of Gas in the hippocampus, consistent 
with the recent report of post-receptor desensitization of hippocampal adenylyl cyclase 
activity following chronic DMI (Tiong and Richardson 1990), and suggesting a coordinate 
downregulation of the 13-adrenoceptor-Gs-adenylyl cyclase complex by ADs (Sugrue 1983; 
Suiser 1984). In view of the well known hypercortisolemia and activation of the HPA 
axis observed in a subset of depressed patients (Nemeroff 1987), and the observation that 
chronic stress may play a role in the development of depression, it is noteworthy that 
the effects of ADs on Got+ are the opposite of those observed with chronic glucocorticoid 
administration (Saito et ai 1989; Lesch and Lerer 1991). Similarly, all ADs tended to 
decrease Got+l/2 in hippocampus, whereas all the tricyclics (but not the MAOI) tended to 
increase Goto in the hippocampus, using immunoblotting or ELISA techniques. Interest- 
ingly, the possible involvement of pertussis toxin substrates (Get, Gore) in mediating 
DMI's effects has previously been postulated (Okada et al 1988). Moreover, the opposite 
effects of the ADs on the levels of Ga+ and Gao that we have demonstrated also offer 
an explanation for the seemingly disparate findings of hippocampal 5-HT]A receptor- 
mediated signal transduction following chronic ADs using functional, biochemical or 
electrophysiological measures (Chaput et al 1991; Lesch 1991). In the absence of con- 
sistent changes in the density of 5-HT~^ receptors (Hensler et al 1991), a TCA-induced 
increase in the concentration of Go would account for the enhancement of hippocampal 
CA I 5-HT~A-mediated electrophysiological responses, while the reduction in G+ isotypes 
may underlie the diminished capacity to inhibit adenylyl cyclase activity (Newman et al 
1990; Newman et al 1992). Intriguingly, our failure to demonstrate alterations in the 
levels of Go following chronic administration of CLG is entirely consistent with the 
evidence from other laboratories that MAOIs increase 5-HT throughput via presynaptic 
facilitation of neurotransmitter release (Blier et al 1990). 

Another consistent finding to emerge from our studies is the increase in the concen- 
trations of Goto and decrease in the levels of Gets in the locus coeruleus (LC) following 
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chronic AD treatment. Following chronic treatment with a variety of ADs a reduction in 
the firing rate of LC neurons, and a reduction in the levels of tyrosine hydroxylase (TH) 
and its mRNA in the LC has been reported (Blier and de Montigny !985; Nestler et al 
1990). The mechanism(s) underlying these effects are unknown, and since they are not 
observed following chronic clonidine, they are unlikely to be due to increased stimulation 
of somatodendritic a2-receptors. Because the firing rate of LC neurons is dependent on 
the regulation of K + channels (presumably coupled to Go) and is also modulated by 
cAMP (Aghajanian and Wang 1987; Alreja and Aghajanian 1991), AD-induced increases 
in Go and decreases in Gs should, in theory, both decrease the firing of these neurons. 

The mechanisms by which ADs modulate steady-state concentrations of G proteins 
remain to be elucidated, but may involve alterations in expression, expression of an 
inactive form, or in posttranslational modification resulting in increased or decreased 
turnover of the proteins. In this context, G proteins are the targets of a number of 
posttranslational modifications, several of which are known to modify their functional 
status. In addition to ADP-ribosylation by bacterial toxins, G protein subunits are also 
subject to phosphorylation, isoprenylation, myristolation, and methylation (Houslay and 
Milligan 1990), any of which may alter the turnover of the protein (as has been dem- 
onstrated for Gas following ADporibosylation) (Carr et al 1990). Indeed, the results of 
our cell culture studies do suggest a functional modification of Gs by ADs. 

Neither DMI nor IDZ was toxic to the C6 cells, consistent with the report that the 
presence of serum in the medium protects these cells from possible in vitro toxic effects 
of antidepressants (Fowler and Brannstrom 1990). Both DMI and IDZ produced a sig- 
nificant downregulation of 13-adrenoceptors, accompanied by a reduction in the isopro- 
terenol-stimulated cAMP accumulation. Interestingly, the magnitude of the 13-adreno- 
ceptor downregulation observed in the present study is similar to that induced by a variety 
of ADs in rat brain (Sulser 1984), and observed in other in vitro AD studies (Honegger 
et al 1986; Fishman and Finberg 1987; Manji et al 1991). Moreover, similar to what has 
been reported in rat brain (Turkka et al 1989), the [3-adrenoceptor desensitization was 
accompanied by a significant increase in the K, IKH ratio for the receptor. The K, IKH ratio 
reflects the extent to which agonists stabilize the high affinity ternary complex (composed 
of agonist, receptor, and G protein, whereby a lower dissociation constant (KH) favors 
the ternary complex) and has been demonstrated to strongly correlate with agonist-induced 
adenylyl cyclase activation (Kent et al 1980). More recent studies have shown, however, 
that the molecular determinants of the [3-adrenergic receptor involved in the formation 
of the ternary complex are distinct from those involved in the functional activation of 
the stimulatory G protein (Hausdorff et al 1990). In this context, it is interesting to note 
chronic DMI treatment of rats is reported to decrease the affinity of guanine nucleotides 
for Gs, thereby preventing the breakdown of the high affinity complex and subsequent 
activation of adenylyl cyclase (Tsuchiya et al 1988), and to inhibit in a dose-dependent 
manner high affinity GTPase activity in vitro (Yamamoto et al 1990). If ADs do interfere 
with the binding of guanine nucleotides to Gs and the subsequent breakdown of the high 
affinity ternary complex (Tsuchiya et ai 1988), it would explain the dissociation between 
the two parameters thought to reflect the same coupling phenomenon, namely, the for- 
mation of the high affinity ternary complex and stimulation of adenylyl cyclase. This 
postulated mechanism receives additional support from our results demonstrating that 
both DMI and IDZ significantly reduced the cholera toxin-catalyzed 32p-labeling, without 
altering the immunolabeling of Gas. Thus, in contrast to the antisera, which recognizes 
both free and undissociated oLs[3~, cholera toxin preferentially labels the dissociated form 
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of G% (Moss and Vaughan 1991; Manji 1992). The decrease in the cholera toxin labeling 
in the absence of any alteration in the immunolabeling of G% thus supports the notion 
of a shift towards the undissociated form of Gs. The reason(s) for the failure to detect 
an alteration in the immunolabeling of Got~ or Goti following ADs in vitro, despite the 
functional evidence for attenuation of Gs function, is presently unclear. It is possible that 
the decrease in G% and Gotw2 concentrations in vivo require an intact integrated system 
(or at least presynaptic input); however, more recent in vivo studies have also demonstrated 
that ADs result in an early "uncoupling" of the 13-receptor from Gs, followed by changes 
in G~ function after chronic (> 3 wk) treatment (Okada et al 1986; Tiong and Richardson 
1990). Thus, it remains possible that our failure to detect any alterations in the immu- 
nolabeling of Got, or GoL~ following in vitro incubation of C6 cells with either DMI or 
IDZ was due simply to the relatively short (5 day) incubation period. 

One of the major findings of our studies is that at least some of the changes in G 
protein ot subunit steady-state concentrations during chronic AD treatment may occur at 
the transcriptional level. We observed a distinct pattern of changes in Got mRNA expres- 
sion across brain areas during chronic AD treatment. In analogy to agonist-induced 
receptor downregulation (presumably by second messenger-induced modulation of tran- 
scription rate and of steady-state concentrations of receptor mRNA) as form of feedback 
regulation at the level of receptor gene expression (Collins et al 1989), persistent receptor 
desensitization is likely to be associated with a modified functional status of signal 
transduction mechanisms by homologous and/or heterologous regulation of its G proteins 
involving both transcriptional and posttranscriptional components. Our findings provide 
direct evidence that concentrations of Gcq mRNA and, to ~ lesser extent, 
Got~/2 mRNA are increased in several brain regions by selective anO ,,on,elective reuptake 
inhibitors as well as a MAOI which tends to coincide with AD-induced decreases in G% 
and Goti~/2 protein. At least two mechanisms may be responsible for this apparently 
noncoordinate regulation of Ga mRNA and protein. One possibility is that increased 
steady-state concentrations of G~  and Got,/2 mRNA reflect a compensatory regulation 
in response to AD-induced modulation of mRNA processing, transport, and translation, 
or to increased Got protein turnover due to a direct AD-dependent inhibition of G protein 
function. Alternatively, it is possible that ADs exert a direct effect on the regulation of 
Got gene transcription. Supporting this assumption, it has recently been reported that 
tricyclic ADs including imipramine and desipramine alter type II glucocorticoid receptor 
(GR) mRNA levels in rat brain and increase the ,~ctivity of the human GR gene promoter 
in a transfection model (Peiffer et al 1991; Pepin et al 1992). In contrast to G% and 
Got~m/2 mRNA regulation, TCA-induced increases Goto mRNA expression in conjunction 
with increased concentrations of Goto protein in some brain areas appears to reflect a 
coordinate regulation and further support the hypothesis of a direct effect of ADs at the 
transcriptional level. Finally, although the physiologic implications remain to be clarified, 
all ADs consistently increased Got~2 mRNA expression in the frontal cortex. Hence, 
regardless of mechanisms, mRNA transcription, processing, transport and translation may 
be central in the regulation of G protein function and its modulation during long-term 
administration of drugs with therapeutic potential in a variety of affective disorders. 

The investigation of G protein expression and ultimately G protein function at the 
transcriptional level offers an additional advantage since, among Got isotypes, nucleic 
sequences exhibit a higher level of diversity than amino acid sequences. This further 
assists in the differentiation of Got isotypes and allows the functional dissection of specific 
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neuroadaptational changes during AD treatment. With this rationale in mind, we report 
the cloning of a reverse transcriptase-PCR-generated rat and human brain Gctq and Ga~2 
partial cDNA, and application of their antisense [32P]cRNA transcripts as probes for the 
quantitative evaluation of Gaq (several variants most likely resulting from alternate splic- 
ing) and Gcq2 mRNA expression in rat brain by Northern blot analysis and RNase 
protection assay techniques. Although the PCR-generated Gotq and Goq2 partial cDNA 
requires verification by isolation of the corresponding sequences from rat and human 
cDNA libraries, our data indicate that Gaq is highly conserved among mammalian species 
and humans. We believe that this approach is a critical step toward the elucidation of 
the function(s) of the as yet enigmatic toxin-insensitive Gq and G~2 class. 

Gq and possibly G~2 proteins, which appear to be abundantly expressed in rodent and 
human brain, are prime candidates as mediators of phosphoinositide cycle activation by 
multiple phospholipase C isozymes. Our finding of an increase in Gotq and Goq2 mRNA 
by chronic 5-HT reuptake inhibition in neostriatum and frontal cortex, is striking since 
phospholipase-associated second messengers (inositol polyphosphates, diacylglycerol, 
and Ca 2+) are known to induce mitogenesis in non-neuronal cells (involving regulation 
of gene expression by protein kinases-dependent transcriptional activation of DNA reg- 
ulatory elements) and neuroadaptational plasticity in postmitotic neurons. Moreover, 5- 
HT is a potent mitogenic (with 5-HTlc and 5-HT2 receptors playing a central role in 
cellular transformation) (Seuwen et al 1988; Julius 1991). Since the Gq and Gin2 class of 
G proteins (among others) may represent novel targets for psychotropic drugs, studies 
are currently underway in our laboratory to screen human cDNA and genomic libraries 
in order to elucidate the complete sequence of Gctq and Gcq2 and thereby obtain insight 
into the regulation of their genes. Using PCR and somatic cell hybrids we recently 
determined the assignment of the human Gaq gene to the human chromosome 9 (Poly- 
meropoulos et al 1992). 

Conclusions 

Signal transduction through specific receptors plays a central role in neuronal activation. 
Understanding the mechanisms by which the binding of a neurotransmitter to a receptor 
at the cell surface is translated into a biochemical (and ultimately a physiologic) effect 
has clearly come a long way in the past decade. In particular, there has been dramatic 
progress in defining both the structure and the function of the signal-transducing G protein 
family, the diversity of which continues to grow. Cross-species PCR-mediated generation 
of cRNA probes utilized in Northern blot and RNase protection techniques facilitates the 
differential evaluation and quantitation of G protein ct subunit expression during chronic 
psychotropic drug treatment. The observations that the amount of G protein subunits and 
their transcriptional regulation in a given tissue is not a static entity, but is under the 
influence of physiological, pathophysiological and pharmacologic perturbations, have 
clear implications not only for research into the etiology of various psychiatric disorders 
but also for the development of innovative treatment strategies. Alterations in G protein 
function have now been identified in the etiology/pathophysiology of a variety of medical 
diseases. Through an improved understanding of the modulation of signal transduction 
pathways in the brain, it may be possible to identify the molecular factors underlying 
both the predisposition to and the pathogenesis of various major psychiatric illnesses. 
These molecular abnormalities may be subtle, perhaps at the level of regulation of G 
protein function in response to neurotransmitter changes, to modification in concentrations 
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of so-called "permissive hormones," and to environmental events and stressors. Finally, 
given the increasing evidence that the currently available psychotropic drugs affect G 
proteins, the development of novel drugs with G proteins as primary targets remains an 
attractive prospect for the future. 

The authors thank D.L. Murphy, W.Z. Potter, C.S. Aulakh, G. Chen, J.L. Hill, C.L. Hough, B.M. Martin, 
T.J. Tolliver, and B.L. Wolozin, for their valuable assistance and discussions of the various studies. 
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